). Here, the ability of neurotrophins to alter the development of this secondary hyperalgesia was assessed using transgenic mice and exogenous neurotrophin administration. Acid-induced hyperalgesia was measured in wild-type and transgenic mice that overexpress neurotrophin-3 (NT-3) in muscle (myo/NT-3 mice). Mechanical and thermal sensitivity of the hindpaws were assessed after injections of acidic saline, pH 4, into the right medial gastrocnemius. Wild-type mice exhibited mechanical but not thermal hyperalgesia in both paws 1 d after acid injection. In contrast, myo/NT-3 mice developed a transient mechanical hyperalgesia in both paws that disappeared by 2-3 d. The reversal of hyperalgesia in myo/NT-3 mice could be mimicked by intramuscular administration of exogenous NT-3 to acid-injected mice but not by other neurotrophins. The route of NT-3 administration appears critical, because intrathecal or intraperitoneal delivery were ineffective. The hyperalgesia could only be reversed by NT-3 treatment concurrent with acid injection and not after the emergence of hyperalgesia. The acid-induced hyperalgesia did not redevelop after the termination of NT-3 treatment, suggesting that NT-3 permanently reversed the hyperalgesia. Consistent with the behavioral data, paw palpation of acid-injected mice significantly increased Fos expression in the spinal cord of wild-type but not myo/NT-3 or NT-3-injected mice. The attenuation of hyperalgesia suggests that NT-3 may be a modulator of muscle-derived pain, and NT-3 may suppress events that lead to secondary hyperalgesia triggered by insult to muscle afferents.
Introduction
The mechanisms underlying pain derived from musculoskeletal origin remain poorly understood (Graven-Nielsen and Mense, 2001) . Recently, animal models have been developed to simulate muscle-derived chronic pain (Kehl et al., 2000; Sluka et al., 2001; Radhakrishnan et al., 2003; Schafers et al., 2003) . One in particular uses acid injection into the gastrocnemius to produce a persistent mechanical, but not thermal, hyperalgesia of the hindpaw ). Two acid injections over several days are required, and the secondary hyperalgesia spreads to both paws. Evidence suggests that central mechanisms contribute to the development and maintenance of the hyperalgesia Skyba et al., 2002; Hoeger-Bement and Sluka, 2003) . Mice deficient in the acid-sensing ion channel-3 (ASIC3) fail to develop the acid-induced hyperalgesia, implicating this ion channel in this response (Price et al., 2001) .
Aside from the involvement of ASIC3, the peripheral mechanisms or the afferent fiber types involved in the development of acid-induced chronic pain are not known. Skeletal muscles are innervated by a range of sensory axons that include A␣, A␤, A␦, and C-type afferent fibers. In rats, 60% of muscle afferents are myelinated, and the remaining 40% are unmyelinated (Lawson, 1992; Graven-Nielsen and Mense, 2001) . Central projections from these afferents terminate in nearly all spinal cord laminas (Fyffe, 1992) . The diversity of muscle afferent fiber types ensures that a wide range of spinal neurons receive input from muscle afferents.
The neurotrophins are a family of secreted factors that include nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4/ 5). Each has been shown to exert trophic activity on distinct populations of dorsal root ganglion (DRG) neurons. The NGFrelated neurotrophins signal via tyrosine kinase (Trk) receptors and bind a common receptor with low affinity (p75). The TrkA receptor selectively binds NGF, TrkB binds BDNF and NT-4/5, and TrkC shows highest affinity for NT-3 (Snider, 1994) . Glial cell line-derived neurotrophic factor (GDNF) also exerts trophic activity on DRG neurons (Molliver et al., 1997) . All of these neurotrophins are expressed in muscle (Nagano and Suzuki, 2003) . However, the majority (75%) of muscle afferents express TrkC and are responsive to NT-3, whereas 20 and 50% express receptors for and are responsive to NGF and BDNF, respectively (McMahon et al., 1994) . Although NT-3 supports large muscle afferents, there is evidence that TrkC may be expressed by C and/or A␦ fibers as well (McMahon et al., 1994) .
Here, we addressed whether members of the neurotrophin family can alleviate the mechanical hyperalgesia caused by intramuscular acid injection using transgenic mice and exogenous neurotrophin administration. Our results identify NT-3 as a powerful modulator of hyperalgesia evoked by intramuscular acid injection. The neuroprotection is unique to NT-3, is most effective when NT-3 is accessed from within the muscle, and appears permanent after the cessation of NT-3 treatment. Together, these results suggest that NT-3 is a significant modulator of muscle pain and can suppress events that lead to persistent hyperalgesia induced by insult to muscle afferents.
Materials and Methods

Animals
All research performed conformed to National Institutes of Health guidelines in accordance with the guidelines specified by the University of Kansas Medical Center Animal Care and Use Protocol. Myo/NT-3 mice were generated as described previously, and a breeding colony has been established . These mice have been bred to a CF-1 background for over 10 generations, and genotypes for all transgenic mice were determined by PCR. Hemizygous males and females were bred to generate litters containing wild-type and transgenic mice so that all comparisons could be made among littermates. Both male and female myo/NT-3 mice were used. In addition to the transgenic mice, 2-month-old CF-1 male mice (n ϭ 121) were purchased from Charles River (Wilmington, MA) and housed under specific pathogen-free conditions in the Laboratory Animal Resources at the University of Kansas Medical Center. CF-1 mice were chosen to match the genetic background of the transgenic myo/NT-3 mice. All mice were provided water and food ad libitum.
Acid injection
All mice receiving injections of acidic saline (20 l of acidic saline, pH 4) were injected on days 0 and 2 in the right gastrocnemius muscle. Injections were made with a 1 ml latex-free insulin syringe with 10 l increments (Becton Dickinson, Franklin Lakes, NJ).
Trophic factor administration
Groups of acid-injected mice (n ϭ 8) were treated with NT-3 (1 g in 5 l of saline; 6.8 mM, i.m., i.p., or i.t.), NGF (1 g in 5 l of saline; 15 mM, i.m.), GDNF (1 g in 5 l of saline; 8.4 mM, i.m.), BDNF (1 g in 5 l of saline; 7.2 mM, i.m.), control saline (i.m.), or control artificial CSF (i.t.) once every other day for the duration of 2 weeks (unless otherwise noted). Human recombinant NT-3, GDNF, BDNF, and mouse NGF 2.5S were purchased from Chemicon International (Temecula, CA.) Trophic factors were dissolved in CSF (1 g in 5 l of CSF) for intrathecal injections and in saline (1 g in 5 l of saline) for intramuscular and intraperitoneal injections. Intrathecal injections were performed according to Hylden and Wilcox (1980) between the L6 and S1 vertebrae with a 27 gauge needle. Control animals received intramuscular injections of 5 l of saline or intrathecal injections of 5 l of CSF. All intramuscular injections were made into the right gastrocnemius muscle, and neurotrophins were delivered via a 10 l Hamilton syringe (Hamilton, Reno, NV).
Behavioral analyses
Mechanical. Mice were tested for behavioral responses to mechanical stimuli using methods described previously (Christianson et al., 2003a) . Mice were placed under bottomless plastic chambers (3 ϫ 8 ϫ 12 cm) on top of a wire mesh-top table and allowed to acclimate for 30 min. Single calibrated von Frey monofilaments (Stoelting, Wood Dale, IL) were applied to the plantar surface of each foot. Responses to a single monofilament were recorded for each animal; the percentage response for each foot was obtained by determining the number of withdrawals in response to the different filaments (of five applications to each foot). Comparisons were made between test groups using one-way ANOVA and Fisher's protected least-significant differences (PLSD). Thermal. Four weeks after acid injection, mice were tested for behavioral responses to thermal stimuli using methods described previously (Christianson et al., 2003a) . Mice were placed under plastic bottomless chambers on a glass surface of a thermal analgesiometer (Department of Anesthesiology, University of California, San Diego, La Jolla, CA) and allowed to acclimate for at least 30 min (Hargreaves et al., 1988; Dirig et al., 1997 ). An acute thermal stimulus from a high-intensity projector lamp bulb (CXL/CXR; 8V; 50W; Eiko, Tokaimura, Japan) was directed to the plantar surface of the hindpaw from beneath the glass surface. The stimulus lamp intensity was calibrated to 4.75 amperes before each testing session, and paw withdrawal latency was automatically measured to the nearest 0.01 sec. This stimulus intensity level produced a glassheating rate of 1.6°C/sec, which is within the range of selective C-fiber activation Dirig et al., 1997) . Tests were performed in triplicate, alternating between hindpaws to allow skin temperature to normalize before restimulation. The average latency was quantified for each animal and the average for each treatment group was compared using one-way ANOVA and Fisher's PLSD.
Fos immunohistochemistry
Wild-type and high-OE myo/NT-3 mice were injected with saline or acid on days 0 and 2 in the right gastrocnemius muscle. On days 5 or 16, all mice received a continuous, light palpation of the right hindpaw for 2 min (Honore et al., 2000) . Two hours later, mice were deeply anesthetized with sodium pentobarbital (65 mg/kg, i.p.) and perfused intracardially with 0.1 M PBS, pH 7.4, followed by 4% formaldehyde in 0.1 M PBS, pH 7.4. The lumbar enlargement of the spinal cord was removed and nicked to identify right and left sides. The cord was postfixed for 2 hr and cryoprotected overnight in 30% sucrose. Transverse sections through the spinal cord were cut on a cryostat at 20 m and mounted on Superfrost microscope slides (Fisher Scientific, Chicago, IL). Immunocytochemistry was performed by blocking sections for 1 hr in 1.5% normal goat serum, 0.5% porcine gelatin, and 0.2% Triton X-100 in Superblock buffer, pH 7.4 (Pierce, Rockford, IL). Sections were incubated overnight with a rabbit polyclonal Fos primary antibody (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA) at 4°C under humidified conditions. The primary antibody was removed by two washes in PBS, and sections were then incubated with secondary antibody (donkey anti-rabbit CY3; 1:200 in 0.1 M PBS; Jackson ImmunoResearch, West Grove, PA) for 1 hr at 4°C. Sections were rinsed and coverslipped before viewing. As a control, the primary antibody was omitted, resulting in no staining.
Six randomly selected slide sections (ϳ80 m between sections) from each animal were coded to ensure the observer was blinded to the identity of the animal. The right and left sides of gray matter were photographed using a Nikon (Tokyo, Japan) E800 microscope attached to a Magnafire digital camera (Optronics, Goleta, CA). Using Adobe Photoshop (Adobe Systems, San Jose, CA), digital images were overlaid with a template to delineate spinal laminas, and immunopositive neurons in laminas I-II, III-IV, and V-VI were counted. Data from saline-or acid-injected wildtype or high-OE myo/NT-3 mice were compared using one-way ANOVA and Fisher's post hoc test for multiple comparisons.
Results
Normal mechanical sensitivity of the paw is not altered by NT-3 overexpression The myogenin promoter was used to create transgenic mice that overexpress NT-3 in skeletal muscle and yielded different founder lines . Line #5150 [highoverexpressing (OE)] maintains high levels of NT-3 overexpression in muscle postnatally, whereas line #5160 carries the myo/ NT-3 transgene but expresses NT-3 in muscle near wild-type levels (low-OE) (Taylor et al., 2001) .
To determine whether baseline differences existed among wild-type and myo/NT-3 mice in their response to mechanical stimuli, wild-type and transgenic littermates from high-OE myo/ NT-3 matings were examined for their responses to nine different von Frey monofilaments (Fig. 1) . Because both transgenic lines had been bred onto a CF-1 background, responses of low-OE myo/NT-3 mice were compared with wild-type mice derived from high-OE myo/NT-3 litters. No differences were evident between high-OE myo/NT-3 (n ϭ 7), low-OE myo/NT-3 (n ϭ 7), and wild-type (n ϭ 7) mice in their withdrawal responses to all von Frey monofilaments tested ( p Ͼ 0.05). Similarly, no differences were detected among high-OE myo/NT-3, low-OE myo/ NT-3, or wild-type mice in their paw withdrawal thresholds to radiant heat applied to the hindpaw ( p Ͼ 0.05) ( Table 1 ). These data demonstrate that NT-3 overexpression in skeletal muscle does not affect baseline responses to mechanical or thermal stimuli.
Persistent acid-induced mechanical hyperalgesia fails to develop in high-OE myo/NT-3 mice
To assess whether intramuscular acid injection results in hindlimb hyperalgesia similar to that produced in rats, and whether differences exist between wild-type and myo/NT-3 mice, animals received two injections of acidic saline, 2 d apart, in their right gastrocnemius muscle. Mice were then examined for their hindlimb withdrawal responses to three different von Frey monofilaments (Fig. 2) . Within 1 d after the second acid injection, wildtype (n ϭ 7) and low-OE myo/NT-3 (n ϭ 7) mice developed a persistent hyperalgesia in response to mechanical stimuli. The mechanical hyperalgesia was clearly evident in the foot ipsilateral to the acid injection with all filaments tested (Fig. 2, left) . Before the acid injection, wild-type mice withdrew at a rate of 48.6 Ϯ 10% in response to the 1.4 gm monofilament. However, 6 d after the second acid injection, the percentage response increased to 68.6 Ϯ 5.9%. The contralateral foot also displayed significant hyperalgesia to each monofilament (Fig. 2, right) . Similar to studies in rat, the increase in sensitivity to mechanical stimulus continued throughout the duration of the experiment (4 weeks), suggesting that it develops into a chronic hyperalgesia . The responses of low-OE myo/NT-3 mice were identical to wild-type mice, consistent with the fact that they carry the myo/NT-3 transgene but do not overexpress NT-3 in skeletal muscle (Fig. 2) .
In comparison, high-OE myo/NT-3 (n ϭ 7) mice developed a transient hyperalgesia after the second acid injection that was evident in both paws (Fig. 2) . However, withdrawal responses returned to preinjection levels within 2-3 d after the second injection in both paws. The reversal of the hyperalgesia in high-OE myo/NT-3 mice was evident in both ipsilateral and contralateral feet for each monofilament (Fig. 2 , left and right), suggesting that overexpression of NT-3 in muscle can reverse mechanisms that lead to chronic, acid-induced mechanical hyperalgesia.
The initial report describing the effects of acid injection demonstrated that thermal responses were not altered after intramuscular acid injection . Here, hindlimb withdrawal thresholds were also tested in wild-type, low-OE, and high-OE myo/NT-3 mice 4 weeks after acid injection. No significant differences in thermal withdrawal thresholds were detected among wild-type, low-OE, and high-OE myo/NT-3 mice in either the ipsilateral or contralateral paw ( p Ͼ 0.05) ( Table 1) .
Exogenous NT-3 treatment also attenuates mechanical hyperalgesia
To assess whether the reduction in mechanical hyperalgesia resulted from developmental changes in the peripheral nervous system in high-OE myo/NT-3 mice or rather the presence of intramuscular NT-3, wild-type CF-1 mice were treated intramuscularly with two different doses of exogenous NT-3. Mice were injected with NT-3 into the same gastrocnemius every other day starting with the first acid injection and were compared with mice that received vehicle only (Fig. 3) . Both acid-injected and acidinjected, saline-treated mice developed persistent mechanical hyperalgesia after the second acid injection.
Mice that received exogenous NT-3 (1 g every other day; n ϭ 7) developed a transient mechanical hyperalgesia after the second acid injection. However, percentage withdrawal responses began to return to baseline levels within 3-4 d after the acid injections (Fig. 3) . It interesting to note that reduction of the mechanical hyperalgesia took longer in NT-3-treated mice compared with high-OE myo/NT-3 mice. The mechanical withdrawal responses of NT-3-treated mice reached baseline levels by 1 week after the second acid injection, and the protective effect of NT-3 was evident in both paws for each monofilament (Fig. 3) . A 10-fold lower dose of NT-3 (0.1 g every other day; n ϭ 6) failed to reverse the mechanical hyperalgesia (data not shown). These results suggest that exogenous NT-3 delivered intramuscularly reproduces the protection observed in high-OE myo/NT-3 mice.
The capacity of NT-3 to reverse the mechanical hyperalgesia evoked by acid injection was compared with the related family members NGF and BDNF and to the TGF␤ family member GDNF. A separate group of acid-injected CF-1 mice was injected intramuscularly with exogenous NGF (n ϭ 7) (Fig. 3) . In contrast to NT-3, NGF had no effect on the development or maintenance of the mechanical hyperalgesia after acid injection (Fig. 3) . Finally, additional groups of acidinjected mice were injected intramuscularly with exogenous BDNF or GDNF (n ϭ 6 each) (Fig. 4) . Similar to NGF, neither BDNF nor GDNF had any significant effect on the acid-induced hyperalgesia (Fig.  4) . These doses of NGF and GDNF have been shown to alter cutaneous innervation and/or behavioral responses to cutaneous stimuli (Christianson and Wright, 2003; Christianson et al., 2003a,b) , suggesting that the absence of effects by NGF and GDNF was not attributable to inadequate dosing.
Responses to noxious thermal stimuli were also tested in mice receiving NT-3. No significant differences in thermal thresholds were detected among acidinjected, acid-injected plus vehicletreated, and acid-injected plus NT-3-treated mice in either the ipsilateral or contralateral paw ( p Ͼ 0.05) ( Table 1) . The lack of change of thermal thresholds in acid-injected and acid-injected plus vehicle mice is consistent with reports that acid injection does not alter thermal sensitivities .
To rule out whether exogenous NT-3, by itself, altered baseline mechanical sensitivity of the paw, non-acid-injected mice were treated intramuscularly with exogenous NT-3. Non-acid-injected CF-1 mice were treated intramuscularly with exogenous NT-3 (1 g/d every other day) for 8 d. Treatment with NT-3 had no significant effect on withdrawal responses to a 1.4 gm von Frey monofilament (day 1, 34.7 Ϯ 2.9%; day 6, 36.7 Ϯ 4.2%; p Ͼ 0.05), demonstrating that intramuscular NT-3 treatment itself had no effect on mechanical sensitivity of the hindpaw.
Intramuscular NT-3 treatment
To address whether the actions of NT-3 were contingent on target-derived access, intramuscular NT-3 administration was compared with intrathecal and intraperitoneal NT-3 administration. Acid-injected mice were treated with NT-3 intraperitoneally, intrathecally, or intramuscularly, and the mechanical sensitivity of the hindpaw to a 1.4 gm monofilament was compared with acidinjected mice treated intramuscularly with vehicle (Fig. 5) . As expected, mice treated with NT-3 intramuscularly developed a transient hyperalgesia that returned to baseline levels within 4 d after the second acid injection. In contrast, mice treated with NT-3 intraperitoneally or intrathecally responded to mechanical stimuli similar to acid-injected control mice ( p Ͼ 0.05) (Fig. 5) , demonstrating that the effects of NT-3 were only potent when introduced via the target (i.e., muscle).
Neurotrophic protection only occurs during the initiation of hyperalgesia
In all experiments thus far, NT-3 treatment began concurrently with the first acid injection and continued until the termination of the experiment. To assess whether NT-3 treatment could reverse the acid-injected hyperalgesia at subsequent stages or after the emergence of the hyperalgesia, acid-injected mice received NT-3 treatment (i.m.) 2 d (n ϭ 6) or 4 d (n ϭ 6) after the first acid injection (Fig. 6) . Mice receiving NT-3 treatment on day 2 after first acid injection displayed progressively reduced paw withdrawal responses to a 1.4 gm monofilament (day 1, 36.1 Ϯ 5.1%; day 6, 53.0 Ϯ 6.1%) (Fig. 6) . However, mice receiving NT-3 treatment on day 4 after the first acid injection continued to display mechanical hyperalgesia (day 1, 33.3 Ϯ 8.6%; day 6, 63.1 Ϯ 5.6%) (Fig. 6) . (C, D) , and 2.0 gm (E, F )] were applied to the ipsilateral (left) and contralateral (right) hindpaws. Wild-type and low-OE myo/NT-3 mice develop long-lasting increased sensitivity of both hindpaws after the second acid injection. In contrast, high-OE myo/NT-3 mice display a transient hyperalgesia that returns to baseline levels within 2-3 d after the second acid injection. Responses of wild-type and low-OE myo/NT-3 mice were not significantly different. * denotes significant difference between high-OE myo/NT-3 and wild-type mice ( p Ͻ 0.05; ANOVA; Fisher's PLSD). Error bars represent SEM.
The actions of NT-3 appear permanent
Acid-injected mice treated with intramuscular NT-3 (Fig. 5) were used to determine whether the hyperalgesia would reappear after the termination of NT-3 treatment. After the cessation of NT-3 treatment on day 10, mechanical sensitivity of the acid-injected wild-type mice was followed for an additional 7 d. As shown in Figure 7 , the percentage of withdrawal responses to a 1.4 gm monofilament displayed by these mice was similar to levels observed before acid injection, suggesting that NT-3 treatment permanently reversed the effects of acid injection on mechanical sensitivity.
Acid-induced increase in spinal cord Fos expression is blocked by NT-3
Experiments were performed to determine whether Fos expression in the spinal cord mirrored the acid-induced hindpaw hyperalgesia and whether NT-3 reduced Fos expression. Immunocytochemistry for Fos expression was performed on L4/L5 spinal segments in wild-type or high-OE myo/NT-3 littermates 5 or 16 d after injection of saline or acid (n ϭ 3 for each group) in the Mice were treated with 1 g of NT-3 or NGF in 5 l of saline every other day beginning on the day of the first acid injection. Compared with NGF-treated mice, saline-treated mice, and untreated wild-type mice, NT-3-treated mice show reduced mechanical hyperalgesia 4 d after the second acid injection. NGF had no effect on acid-induced mechanical hyperalgesia. * denotes significant difference between NT-3-treated and nontreated wild-type mice ( p Ͻ 0.05; ANOVA; Fisher's PLSD). Error bars represent SEM. . NT-3 treatment is required during the initial stages of the development of hyperalgesia. To determine whether a critical period exists for the neuroprotective actions of NT-3, intramuscular treatments (denoted by arrowheads) were initiated on the day of the second acid injection (day 2) or 2 d after the second acid injection (day 4) and continued every other day. Graph illustrates percentage withdrawal responses to a 1.4 gm monofilament after acid injection. Thin arrows indicate days on which intramuscular acid injections were administered. Mice treated with NT-3 on day 2 displayed a significant reduction in mechanical hyperalgesia from day 7 onwards. In contrast, mice treated with NT-3 beginning on day 4 failed to show a reduction in hyperalgesia, suggesting that NT-3 administration is required during the initial stages (day 2) of the development of hyperalgesia. * denotes significant difference between NT-3-treated (day 2) and NT-3-treated (day 4) mice ( p Ͻ 0.05; ANOVA; Fisher's PLSD). Error bars represent SEM.
gastrocnemius. In all cases, Fos expression was quantified in both contralateral and ipsilateral sides of the spinal cord in relation to the palpated foot. Initial experiments revealed that acid injection in either wild-type or high-OE myo/NT-3 mice had no effect on Fos expression in the spinal cord (data not shown). Therefore, Fos expression was induced by light palpation of the foot on the injected side before perfusion (Honore et al., 2000) . Using this approach, acid injection in wild-type mice resulted in a significant increase in the number of Fos-positive neurons on the ipsilateral side of the cord at both time points in all laminas examined (Tables 2, 3; Fig. 8 ). The largest increase was observed in lamina I-II, where 10 -15 strongly positive cells were visible in the superficial aspect of the medial dorsal horn, a region that receives input from distal axons that innervate the foot. No differences were observed on the contralateral side (Tables 2, 3) .
Analysis of high-OE myo/NT-3 mice revealed a minor increase in the number of Fos-positive neurons in the spinal cord compared with wild-type littermates, particularly in the deeper laminas. This increase may be related to the large number of NT-3-responsive Ia spindle afferent fibers in these mice, leading to higher baseline levels of Fos expression . However, acid injection of high-OE myo/NT-3 mice did not stimulate Fos expression in any laminas after foot palpation (Table 2 , Fig. 8 ).
To test whether increased Fos expression would reappear after the cessation of NT-3 treatment, groups of mice were acid injected and NT-3 treated for 10 d. Control mice only received acid injections and no NT-3 treatment. Six days after the termination of NT-3 treatment, Fos expression was assessed 2 hr after right hindpaw palpation. As shown in Table 3 , heightened Fos expression did not return after the termination of NT-3 treatment. These results are consistent with the absence of heightened mechanical sensitivity to von Frey monofilament application after the cessation of NT-3 treatment.
Discussion
Acid injection into the gastrocnemius produces a chronic mechanical hyperalgesia of the hindpaw. The increased sensitivity is interpreted as a secondary hyperalgesia, because it extends beyond the injected area and includes both limbs . Here, we demonstrate that NT-3 can prevent chronic secondary hyperalgesia induced by acid. These neuroprotective actions appear unique to NT-3, because other neurotrophic factors failed to elicit similar effects. The potency of NT-3 is highest when accessed via neurons innervating the muscle, and the reversing actions appear permanent. These data suggest that NT-3-responsive muscle afferents play a critical role in the initiation of acid-induced mechanical hyperalgesia, and NT-3 may be effective in modulating neuropathic pain originating from muscle.
Muscle-derived mechanical secondary hyperalgesia
Pain arising from musculoskeletal origin is associated with mechanical hyperalgesia, and the intramuscular acid model used in this study is proposed to mimic aspects of musculoskeletal pain associated with secondary hyperalgesia . Low pH can elicit pain, and decreases in tissue pH occur in a number of biological settings (Hood et al., 1988; Pan et al., 1988; Issberner et al., 1996; Reeh and Steen, 1996) . In humans, intramuscular infusion of acidic buffer causes painful sensations and increased sensitivity to mechanical stimulation (Steen and Reeh, 1993; Issberner et al., 1996) . Secondary hyperalgesia can also be elicited by intramuscular injections of inflammatory agents such as carrageenan (Radhakrishnan et al., 2003) . It will be important to determine whether NT-3 has neuroprotective actions on other forms of muscle-induced pain.
Convergent input in the spinal cord from muscle-paw fibers and receptive field plasticity likely underlie the acid-induced secondary hyperalgesia (Treede et al., 1992) . The hindpaw and the gastrocnemius are innervated by different sensory fibers but are located in the same dermatome and myotome, respectively (Greene, 1963) . Although muscle afferents are clearly involved in the initiation of intramuscular acid-induced blockade of muscle, afferent activity after acid injection suggests that continued muscle afferent input is not required ). The acid does not cause muscle damage, and the requirement of two acid injections suggests that these sequences alter central processing ). These spinal alterations involve NMDA and non-NMDA receptors and are sensitive to opioid analgesics (Skyba et al., 2002; Sluka et al., 2002 ).
It appears that ASIC3 channels are critical for the initiation of acid-induced hyperalgesia . ASIC3 is a protongated sodium channel expressed by DRG neurons (Waldmann et al., 1997; Garciá-Añoveros et al., 2001; Voilley et al., 2001; Sluka et al., 2003) . After acid injection, wide dynamic range neurons in the dorsal horn increase their responsiveness to mechanical stimuli and expand their receptive fields to include the contralateral paw. ASIC3 null mice do not develop acid-induced hyperalgesia and do not display changes in wide dynamic range activity . Thus, it is proposed that acid-induced secondary hyperalgesia is mediated by alterations in wide dynamic range neurons triggered by activation of ASIC3-expressing muscle afferents. Our results now focus this view to NT-3-responsive muscle afferents.
Neurotrophins in chronic pain
There is strong evidence that neurotrophins play an important role in the pathophysiology of neuropathic pain and can slow or Figure 7 . The neuroprotective actions of NT-3 appear permanent. To determine whether cessation of NT-3 treatment would result in a return to increased paw sensitivity, NT-3 treatment was stopped from day 11 onwards (indicated by upward arrow) in mice that were treated with NT-3 (i.m.) beginning on the first day of acid injection. Graph illustrates percentage withdrawal responses to a 1.4 gm monofilament after acid injection. Downward arrows indicate days on which intramuscular acid injections were administered. After cessation of NT-3 treatment, mice continued to exhibit reduced mechanical hyperalgesia after treatment of NT-3 compared with saline-treated mice. * denotes significant differences between NT-3-treated and saline-treated mice ( p Ͻ 0.05; ANOVA; Fisher's PLSD). Error bars represent SEM.
stop disease progression (Sah et al., 2003) . NGF plays a role in peripheral inflammation and has been tested in clinical trial to alleviate pain with moderate success (Apfel et al., 1998; McArthur et al., 2000) . BDNF is released by nociceptive afferents in the dorsal horn and is a modulator of central sensitization (Thompson et al., 1999; Pezet et al., 2002) . GDNF can prevent the development of pain and phenotypic changes in neurons after nerve injury (Hao et al., 1998; Boucher et al., 2000) . Recent studies have begun to report beneficial actions of NT-3 related to neuropathic pain. A single systemic dose of NT-3 in rats induced mechanical hypoalgesia 1 d after NT-3 injection. In the same study, NT-3 administered systemically for 2 weeks significantly reduced electrically evoked release of substance P from the spinal cord, suggesting possible anti-nociceptive actions of NT-3 involving substance P (Malcangio et al., 1997) . In addition, intrathecal administration of NT-3 to rats receiving a chronic constriction injury (CCI) to the sciatic nerve blocks the development of thermal but not mechanical hyperalgesia. NT-3 also reduced the injury-induced upregulation of the vanilloid receptor VR-1 in the DRG and spinal cord that normally occurs after CCI (Wilson-Gerwing and Verge, 2003) . Together with our findings, these studies have begun to identify circumstances in which NT-3 plays a role in modulating nociceptive signaling.
Neuroprotective actions of NT-3
Neurotrophins are well known for their developmental actions mediated via retrograde transport to the soma. The inability of high-OE myo/NT-3 mice to develop mechanical hyperalgesia, coupled with the fact that only intramuscular administration of NT-3 could block the hyperalgesia, suggests that target-derived NT-3 may provide a critical signal to muscle afferent neurons. Alternatively, intramuscular administration may have provided the highest concentration of NT-3 to axons. Systemic NT-3 injection has a very short half-life (Poduslo and Curran, 1996) , and it is plausible that The number of Fos-positive cells was counted from different spinal laminas from both ipsilateral and contralateral sides of the spinal cord 5 d after acid injection. Comparisons were made between groups using one-way ANOVA and Fisher's PLSD. In regard to NT-3 overexpression, wild-type mice were derived from litters within the myo/NT-3 colony. For exogenous treatments, wild-type CF-1 mice were purchased from Charles River. In wild-type mice, acid injection caused significant increases in the number of Fos-positive neurons compared with saline-injected mice in each lamina (*p Ͻ 0.05). In contrast, acid treatment did not increase Fos-positive neurons in high-OE myo/NT-3 as well as in wild-type mice treated with NT-3. Moreover, the number of Fos-positive nuclei was significantly lower in acid-injected high-OE myo/NT-3 mice compared with acid-injected wild-type mice (**p Ͻ 0.05). Data are plotted as means Ϯ SEM; n ϭ 3 animals per group. The number of Fos-positive cells was counted from different spinal laminas from both ipsilateral and contralateral sides of the spinal cord 16 d after acid injection. Comparisons were made between groups using one-way ANOVA and Fisher's PLSD. In wild-type mice, acid injection caused a significant increase in the number of Fos-positive neurons compared with wild-type mice receiving NT-3 treatment for 10 d in each lamina (*p Ͻ 0.05). Fos expression in wild-type NT-3-treated mice confirmed that cessation of NT-3 treatment 10 d after the initial acid injection correlates with a lack of Fos activity 1 week later. Data are plotted as means Ϯ SEM; n ϭ 3 animals per group. NT-3 delivered intramuscularly might be protected within the muscle compared with other routes. This is important in light of the use of neurotrophins in clinical trials. These results suggest that the actions of NT-3 occur locally out at the peripheral terminal or require retrograde transport from the periphery. If the actions of NT-3 are attributable to penetration and half-life, a long lasting activator of TrkC should have similar effects when administered either intramuscularly or intrathecally. Alternatively, if NT-3 actions are related to retrograde transport, anchoring NT-3 to a substrate that activates the receptor but prevents internalization and retrograde transport should shed light on these mechanisms. The intramuscular acid paradigm requires two injections within 2-5 d to elicit the mechanical hypersensitivity, and the second injection plays a critical role in triggering the development of the hyperalgesia. Here, NT-3 treatment was only effective if provided at the time of the second injection, suggesting that the actions of NT-3 are critical during initial stages of hyperalgesia. It is important to note that exogenous NT-3 treatment was successful in preventing the hyperalgesia, suggesting that the effects were not attributable to the altered proprioceptive system in myo/ NT-3 mice . The delay in the return of mechanical thresholds in NT-3-treated mice may be caused by the difference in exposure to NT-3 levels. High-OE myo/NT-3 transgenic mice likely provide a constant source of NT-3 to muscle afferents, whereas levels from exogenous NT-3 administration vary as a result of its rapid degradation. Finally, experiments that continued to follow acid-injected mice after the cessation of NT-3 treatment demonstrated no return of paw hypersensitivity, supporting the view that actions of NT-3 were attributable to mechanisms that prevented the onset of chronic hypersensitivity.
Selectivity of neurotrophin-3
Several neurotrophins were tested to determine whether the neuroprotective actions were unique to NT-3; injections of NGF, BDNF, or GDNF failed to suppress the acid-induced paw hypersensitivity. These results support the view that the actions of NT-3 were selective and not caused by general trophic effects mediated through other Trks or p75. It is known that NT-3 can mediate certain effects by activating the NGF receptor TrkA (Belliveau et al., 1997; Gratto and Verge, 2003) . Also, these results suggest that the fiber type(s) responsible for triggering the chronic mechanical hyperalgesia are NT-3-responsive muscle afferents. Moreover, the doses of neurotrophins administered are effective in models of diabetic neuropathy, suggesting that the absence of effects by NGF, GDNF, and BDNF were not to attributable to inadequate dosing (Christianson and Wright, 2003; Christianson et al., 2003a,b) .
Suppression of acid-induced Fos expression by NT-3
Fos is a biomarker of neuronal activation in response to peripheral stimuli, and spinal Fos expression strongly correlates with pain intensity (for review, see Harris, 1998; Bon et al., 2002) . Demonstration that acid injection increases Fos expression after paw palpation is consistent with the role of Fos in pain signaling and corroborates our behavioral data. It is important to note that acid injection itself did not induce Fos expression but required mechanical stimulation of the paw. The finding that Fos expression was not increased in acid-injected myo/NT-3 mice and wildtype mice treated with NT-3 parallels the ability of NT-3 to reverse the mechanical hyperalgesia using behavioral assessments. It is interesting that both control and acid-injected myo/NT-3 mice had increased Fos expression in deeper laminas. It is plausible to suggest that this increase is related to the large number of proprioceptive afferents that survive in response to NT-3 overexpression, resulting in increased baseline spinal activity . Our results with Fos expression suggest that NT-3 blocks or reverses acid-induced changes in muscle afferents that prevent alterations in Fos activity. Moreover, heightened Fos expression did not reappear after the cessation of NT-3 treatment in wild-type mice.
